sponses there are recognition of root signals, loss of turgor and osmotic adjustment, reduced leaf-water potential (Ψ), decrease in stomatal conductance to CO 2 , reduced intercellular CO 2 concentration (c i ), decline in net photosynthesis and reduced growth rates.
However, photosynthesis is particularly sensitive to water-deficit because the stomata close to conserve water, reducing CO 2 diffusion to the fixation sites in the leaf mesophyll in the vicinity of the enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). This causes diminished photosynthesis and consequent reduced productivity (Lawlor and Tezara 2009, Galmés et al. 2011) .
Water deficit is the major problem in agriculture and the ability to withstand such stress is of immense economic importance. Hop is a plant sensitive to lack of water, particularly to proper distribution of precipitation throughout the vegetation period. Seasons with precipitation deficit show reduced yields and economic losses. Precipitation deficit can be solved by various irrigation systems that evidently increase yields and do not affect the quality of the hop-heads (Slavík and Kopecký 1994) , while increasing the photosynthetic accumulation of energy-rich matters (Hniličková and Novák 2000) .
The main goal of our experiment was to monitor a set of 15 genotypes of hops in juvenile phases of ontogeny and the effects of gradual water deficit on basic physiological parameters such as the rate of net photosynthesis (P n ), transpiration (E), stomatal conductance (g s ) and water use efficiency (WUE). The secondary goal of the study were to acquire new and missing information and thus contribute to other researchers and growers of hop plants.
MATERIAL AND METHODS
Plant material and growth and experimental conditions. The experiment focused on monitoring the effects of water deficit on the physiological parameters in 15 genotypes and new cultivations of young hop plants in phase 19 BBCH scale -9 and more pairs of leaves unfolded (Rossbauer et al. 1995) . The overview of the genotypes is listed in Table 1 .
The experiments took place in May of years 2010-2013 in the greenhouse of the Czech University of Life Sciences in Prague. They were conducted in semi-controlled conditions (natural light conditions, air temperature 23 ± 2/18 ± 2°C day/night, relative air humidity 65% min and 85% max). The experimental plants were grown in containers with the volume of 5 dm 3 in garden substrate (pH 5.0-6.5, nutrient content N 80-120 mg/L, P 22-44 mg/L, K 83-124 mg/L) and siliceous sand in the ratio of 2:1.
One plant was grown in each container with a support rod to which two bines were attached. Five experimental plants and five control plants were grown for each genotype. During the experiment, the control plants were watered to the point of full saturation of the substrate. The experimental plants were not watered for nine days. The change of water contents in the substrate were monitored using the WET-2 Sensor/HH2 Moisture Meter (Delta-T Devices, Cambridge, UK). The sensor was calibrated for the substrate used. Using measured the values of the substrate conductance, the values of soil mass wetness w (g/g) were calculated on the basis of the calibration curve and derived equation: y = -0.0397 + 0.0006x (r = 0.998; P = 0.0000; r 2 = 0.996) (1) Where: x -reading of the sensor (mV); y -soil-mass wetness (w). The experimental measurements were taken on the first, third, sixth and ninth day of the water deficit (1D, 3D, 6D, and 9D).
Determination of leaf relative water content.
The relative water content (RWC) in the leaves was established as:
Where: FM -fresh mass of 10 leaf discs (diameter 6 mm) cut from the 7 th -9 th pair of bine leaves and immediately weighed on an analytical balance; SM -saturated mass of the same discs after their hydration in the dark for 5 h; DM -dry mass of these discs after they were oven-dried at 105°C for 24 h.
Leaf gas exchange measurements. The net photosynthetic rate, the rate of transpiration, the stomatal conductance and the intercellular CO 2 concentration were measured on the 8 th pair of bine leaves in situ, using the portable gas exchange system LCpro+ (ADC BioScientific Ltd., Hoddesdon, UK). The gas exchange was measured from 8:00 A.M. to 11:30 A.M., Central European Time.
Irradiance was 650 μmol/m 2 /s of photosynthetically active radiation, the temperature in the measurement chamber was 23°C, the CO 2 concentration was 420 ± 35 vpm (μmol/mol), the air flow rate was 205 ± 30 μmol/s and the duration of the measurement of each sample was a 10 min interval after the establishment of steady-state conditions inside the measurement chamber. The measurement of these parameters took place repeatedly on a single leaf on three plants. The water use efficiency was calculated from the measured parameters of gas exchange. The water use efficiency was calculated, as P n /E. Statistical analysis. A statistical evaluation of the experiment was made using the analysis of variance (ANOVA) and the values obtained were compared in further detail, using the Tukey's test at the significance level P < 0.05. Statistical analyses were performed using Statistica 9.0 CZ for MS Windows software (Tulsa, USA).
RESULTS AND DISCUSSION
The initial water levels in experimental plants and substrate prior to discontinuing the irrigation (1D) were as follows: RWC on average 89.9% and average soil-mass wetness of the substrate 0.404 g/g (Table 2 ). Variances in the monitored physiological characteristics were found among all cultivars.
The highest P n was measured in genotypes Saaz Late (13.85 μmol CO 2 /m 2 /s), Saaz Os. cl. 72 (13.60 μmol C O 2 / m 2 / s ) , Vi t a l ( 1 3 . 3 3 μ m o l C O 2 / m 2 / s ) and Premiant (13.06 μmol CO 2 /m 2 /s). The lowest P n occurred in genotypes Columbus and Magnum (5.10 and 5.36 μmol CO 2 /m 2 /s, respectively). Hejnák et al. (2014) (Table 2) . Kenny (2005) states that the average stomatal conductance was 320 mmol H 2 O/m 2 /s, and the range was between 173 and 477 mmol H 2 O/m 2 /s.
The gradual drying of the substrate of experimental plants from 1D to 9D is apparent from the decreasing values of soil-mass wetness (Table 2) , the average soil-mass wetness of the substrate on 9D being 0.105 g/g. Upon interruption of the irrigation, the monitored cultivars showed a decrease of RWC (70.14-75.20%). Normal values of RWC ranged between 90% in turgid and transpiring leaves to about 40% in severely desiccated and dying leaves. In most crop species, the typical RWC at near-wilting is around 60-70%, with exceptions (Lugojan and Ciulca 2011) .
The photosynthesis rate decreased in a statistically significant manner in all monitored genotypes due to the water-deficit. The lowest values were measured in genotype Saaz Os. cl. 72. Genotypes Saaz Late, Premiant and Vital showed a smaller drop in photosynthetic rate. At the same time, stomatal conductance decreased in a statistically evident manner throughout all cultivars.
The lowest stomatal conductance on 9D was measured in genotype Saaz Os. cl. 72 and the highest in the new breeding cultivar, 4964 (Table 2) . Closing of stomata and decreases of stomatal conductance are the very factors considered to be the main reason for decreased photosynthesis during periods of moderate water stress (Lawlor and Tezara 2009) , as well as one of the mechanisms for preventing dehydration through decreasing transpiration (Larcher 2003) .
The mutual relationship between photosynthetic rate and stomatal conductance in the individual genotypes on 9D is shown in Figure 1 . This graph indicates that the lower photosynthetic rate corresponds with lower values of stomatal conductance (with the exception of genotype Saaz Os. cl. 72). It specifically indicates that the higher values of stomatal conductance correspond with higher photosynthetic rates ( Table 2) .
The main chemical signal for closing stomata (and subsequent decrease of transpiration) is abscisic acid (ABA), which is transported from the roots through the xylem into the leaves of the plants (Pérez-Alfocea et al. 2011). Korovetska et al. (2014) states that the concentration of ABA increases in the xylem in hops during gradual drying of the soil, while the transpiration rate decreases. There was a statistically evident decrease in transpiration on 9D in 14 genotypes, most notably in genotypes Saaz Os. cl. 72 and Premiant. In the case of the H16 hybrid the decrease in transpiration was not statistically evident. According to Sperry (2000) , the decrease of their transpiration rate during water deficits enables plants to survive the lack of water, while at the same time their photosynthetic production is limited. On the contrary, plant cultivars that do not retard gas exchange in cases of moderate water-deficit are able to sustain high productivity, even during short-term fluctuation of water content in the soil. Figure 2 shows the comparison of photosynthetic rate on 9D in control and experimental plants. In all genotypes there was a statistically evident difference in photosynthetic rates between experimental and control plants. This difference is the most significant in the case of genotypes Saaz Os. cl. 72 (by 77.5%), Magnum (by 73.3%) and Columbus (by 62.3%). The smallest decrease of photosynthetic rate in comparison with the control group was in genotypes Saaz Late (by 15.7%), Vital (by 23.9%) and Premiant (by 24.2%). Figure 3 indicates values of water use efficiency for stressed plants on 9D. WUE is measured as a ratio of pure photosynthetic rate and the transpiration of leaves given at the time of the photoperiod. This is known as instantaneous water use efficiency and is the characteristic often used as the selection marker for cultivars that can effectively manage water (Condon et al. 2004 The results measured show that despite the fact that, according to the RWC values, this was a moderate water stress and, according to the characteristics detailed by Lugojan and Ciulca (2011) , there was an evident decrease of photosynthetic rate in all cultivars. Genotypes Premiant, Vital and Saaz Late showed the most optimal finetuning of the two roles of stomatal regulation of gas exchange -those in the strategy of the plant preventing water loss due to water stress and that of a sufficient supply of CO 2 for leaf mesophyll during the course of photosynthesis. This is evident by both higher values of photosynthesis and higher values of WUE in comparison with other cultivars. Significant stomatal limitation of photosynthesis due to water stress was recorded in the case of the most widely used Czech cultivar, Saaz Os. cl. 72, along with low values of stomatal conductance, photosynthetic rate and transpiration rate.
From the new breeding lines, the highest WUE was shown in 4914, while 4964 and 5166 indicated the highest values of stomatal conductance along with average photosynthetic rates by comparison to other genotypes.
To conclude we can confirm that the parameters of photosynthesis, transpiration, stomatal conductance and WUE can be used for evaluation of genotypes (and the differences between them) in monitoring the impact of water deficit on the basic physiological functions of hop plants.
